
Biochimica et Biophysica Acta, 765 (1984) 347-352 347 
Elsevier 

BBA 41516 

IDENTITY OF THE P H O T O S Y S T E M  II REACTION CENTER POLYPEPTIDE * 

H.Y. NAKATANI a, B. KE b, E. DOLAN b and C.J. ARNTZEN a 

,7 MSU-DOE Plant Research Laboratory, Michigan State University, East Lansing, M1 48824 and b Charles F. Kettering Laboratory, 
Yellow Springs, OH 45387 (U.S.A.) 

(Received August 8th, 1983) 
(Revised manuscript received March 2nd, 1984) 

Key words: Photosystem 11; Reaction center," Fluorescence," Chlorophyll-protein; Pheophytin," (Spinach) 

A Photosystem-ll (PS-ll)-enriched chloroplast submembrane fraction has been subjected to non-denaturing 
gel-electrophoresis. Two chlorophyll a (Chl a)-binding proteins associated with the core complex were 
isolated and spectrally characterized. The Chl protein with apparent apoprotein mass of 47 kDa (CP47) 
displayed a 695 nm fluorescence emission maximum (77 K) and light-induced absorption characteristics 
indicating the presence of the reaction center Chl, P-680, and its primary electron acceptor, pheophytin. A 
Chl protein of apparent apoprotein mass of 43 kDa (CP43) displayed a fluorescence emission maximum at 
685 nm. We conclude that CP43 serves as an antenna Chl protein and the PS II reaction center is located in 
CP47. 

Introduction 

Our research is directed at understanding the 
protein composition and functional activities of 
individual polypeptides which comprise Photosys- 
tem II (PS II). Satoh [1] reported a procedure for 
the isolation of a PS II core complex in which he 
attributed a 43 kDa polypeptide to the chlorophyll 
a-binding apoprotein of the PS II reaction center. 
More recently, we resolved another protein species 
in the 47-50 kDa size class after reanalysis of this 
core complex using SDS-polyacrylamide gel elec- 
trophoresis in the presence of urea [2,3]. The varia- 
bility in the apparent molecular weight of the 
larger polypeptide, and the ability to resolve it 
from the 43 kDa component, depended upon the 
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urea concentration in the gel. A comparison of the 
partial papain hydrolysis products of the 43 and 
47 kDa proteins in the PS II core complex by 
SDS-polyacrylamide gel electrophoresis showed 
that they were dissimilar [3]. Camm and Green 
[4,5] described another procedure for the isolation 
of a photochemically active PS II core complex 
which also contained the 43 and 47 kDa poly- 
peptides. These analyses of isolated, detergent-de- 
rived particles complement earlier genetic studies 
assigning two chlorophyll a-binding proteins of 
40-50 kDa to the reaction center complex of 
Photosystem II [6-8]. 

Chlorophyll fluorescence has frequently been 
used as an intrinsic membrane probe to study the 
primary processes of photosynthesis. Three chloro- 
phyll fluorescence emission bands at low tempera- 
ture (77 K) have typically been observed from the 
isolated chloroplasts of higher plants and algae at 
685, 695 and 710-740 nm. Butler [9] has devel- 
oped a tripartite model to assign the origin of the 
fluorescence emission bands to the light-harvesting 
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chlorophyll a/b complex (LHC) and the PS II and 
the PS I complexes, respectively. Of interest to the 
studies described here is the fact that the 695 nm 
emission band has been assigned as originating 
directly from the PS II traps (see Refs. 10-13; 
however, see also Ref. 14). 

The highly resolved PS II core complex origi- 
nally described by Satoh [1] exhibited two chloro- 
phyll fluorescence emission bands (685 and 695 
nm) at low temperature, although the presence of 
o-phenanthroline was required to resolve the latter 
peak [15]. We thought that possibly one of the 
emission bands originated from a light-harvesting 
pigment protein and the other from the reaction 
center pigment protein. This concept was sup- 
ported by the studies on a similar PS II complex 
by Larkum and Anderson [16]. They reported 
changes in the ratio of the 685 to the 695 nm 
fluorescence band when they altered the particle 
environment by lipid dilution and aggregation 
conditions. 

The most widely used polyacrylamide gel elec- 
trophoresis systems for separating Chl-binding 
proteins utilize anionic detergents (for example, 
see Refs. 7,17 and 18). In preliminary studies on 
the PS II core complex, we found that these proce- 
dures caused denaturation of chlorophyll (Chl) 
proteins such that the 695 nm fluorescing species 
was lost. The detergent extraction procedure devel- 
oped by Camm and Green [18], using octyl-/3-D- 
glucopyranoside, was found to be less harsh and 
we have, therefore, adopted their sample prepara- 
tion protocol to characterize the Chl a-binding 
proteins of Photosystem II. This has allowed us in 
this report to assign the origin of the 685 and 695 
nm fluorescence emission bands to specific pig- 
ment proteins. 

Materials and Methods 

Market spinach (50 g) was homogenized in a 
Waring blender in a volume of 100 ml comprising 
0.2 M sorbitol/50 mM Tricine-HC1 (pH 7.8)/10 
mM MgClz/5 mM NaC1/5 mM sodium ascor- 
bate/1  rag. m1-1 bovine serum albumin. After 
filtration through eight layers of cheesecloth, the 
filtrate was sedimented at 1000 x g for 5 min in a 
Sorvall SS-34 rotor and washed once with 2 mM 
Tris-malic acid (pH 7.0), and centrifuged as above. 

The washed membranes were then thoroughly dis- 
persed in a small volume of the Tris buffer, and 
diluted and incubated with 30 mM octyl-/3-D-glu- 
copyranoside at a detergent-to-chlorophyll ratio of 
40:1 [18]. Chlorophyll was determined by the 
method of Arnon [19]. After dark incubation at 
room temperature for 30 min, the suspension was 
centrifuged at 110000 x g for 30 min. The super- 
natant was Concentrated against solid sucrose and 
subjected to lithium dodecyl sulfate (LDS)-poly- 
acrylamide gel electrophoresis at 4°C using the 
Laemlli buffer system with LDS (1% w/v)  rather 
than sodium dodecyl sulfate (SDS) [6,17]. Gel 
slices containing the pigmented proteins were ex- 
cised from the slab gel (maintained on ice in low 
light) and examined immediately. Absorption 
spectra were obtained with a Hitachi-ll0 split- 
beam spectrophotometer. Low-temperature fluo- 
rescence spectra of gel slices were obtained as in 
Ref. 3 using a SLM System 4000 spectrofluorome- 
ter. The fluorescence photograph of an intact pig- 
ment protein gel was obtained with a Polaroid 
type 47-3000 Land roll film during illumination of 
the LDS-polyacrylamide gel with a long-wave- 
length ultraviolet-emitting Spectroline Transil- 
luminator, model TR 302. 

Room-temperature fluorescence yield changes 
and light-induced absorbance changes were mea- 
sured at the C.F. Kettering Laboratory, Yellow 
Springs, OH, using the diode array rapid-scanning 
spectrometer (DARSS Tracor Northern 1710), and 
a phosphoroscope-type illumination chamber as 
described in Ref. 20. Gel slices were sandwiched 
within a lucite template and placed in a 1 x 1 cm 
cuvette. The cuvette front surface was masked with 
black tape to define the cross-section for the inci- 
dent measuring beam. The samples were immersed 
in a solution comprising 0.1 M Tricine-NaOH (pH 
8.9)/5 mM MgCI~. 

Results and Discussion 

Electrophoresis by non-denaturing LDS-poly- 
acrylamide gel electrophoresis of the PS II-en- 
riched fraction obtained by octyl-glucopyranoside 
extraction led to the resolution of four major 
pigmented zones including the free-pigment as 
previously shown by Camm and Green [18,21] (see 
Fig. 1, lane 1). The uppermost band is labelled 
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Fig. 1. Photograph of the chlorophyll protein bands (lane 1) 
separated by subjecting the PS-II-enriched octyl-fl-D-gluco- 
pyranoside extract to non-denaturing LDS-polyacrylamide gel 
electrophoresis (PAGE). The reaction center chlorophyll a-bi- 
nding proteins are designated CP47 and CP43. Lane 2 is a 
fluorescence photograph obtained by ultraviolet illumination of 
the acrylamide gel in lane 1. 

LHCo, i.e., an oligomeric form of the light-harvest- 
ing chlorophyll  a/b complex (LHC)  based upon  a 
compar ison  of its absorpt ion and first derivative 
spectra (not shown) to that of  the purified L H C  
[22,23]. The next p igmented zone in the gel was 
resolved into the two chlorophyll  a-binding pro- 
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teins, CP47 and CP43, using the previous nomen-  
clature of  Carom and Green [18]. These have been 
renamed CP a-1 and CP a-2, respectively by C a m m  
and Green [5]. They are concluded to be analogous 
to the putative PS II reaction center chlorophyll  
a-binding proteins observed in Chlamydomonas [7] 
and barley (Ref. 6 but see also Ref. 8). The major  
pigment  protein migrat ing more  rapidly than the 
CP47 and CP43 bands in our gels can be assigned 
to a monomer ic  form of the L H C  m [see 18,21]. A 
ch lo rophy l l  b -conta in ing  complex  migra t ing  
slightly slower than the L H C  m has been referred to 
as CP29 [18,22]. The band  migrating at the gel 
front  is the free pigment. A photograph  of the 
fluorescence emitted by the chlorophyll  proteins in 
this gel system is shown in lane 2 of Fig. 1. 

Gel segments containing either the CP47 or 
CP43 complex were excised and directly char- 
acterized. The absorpt ion spectra for both  compo-  
nents showed a peak maximum near 670 nm in the 
red region of  their spectra indicative of  the pres- 
ence of chlorophyll  a (see Fig. 4). 

By low-temperature fluorescence spectroscopy 
(77 K), we found that CP47 exhibited a fluores- 
cence emission band  with a max imum at 695 nm 
when excited at 440 nm, whereas the emission of  
the CP43 complex peaked at 685 nm (Fig. 2). The 
emission peaks of  samples which were allowed to 
age at room temperature were often blue-shifted to 
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Fig. 2. Low-temperature (77 K) chlorophyll fluorescence emis- 
sion obtained for the excised CP47 ( ) and CP43 ( . . . .  ) 
components. The emission band for the CP47 component is at 
695 nm, whereas that for the CP43 component is at 685 am. 
The pigment complexes were excited with 440 nm light. 
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wavelengths near 680 nm, as previously reported 
[18,21,24], indicating the extreme lability of the 
complexes following electrophoresis. Low-temper- 
ature (approx. 4°C)  and low-power (2-3 W) con- 
ditions during electrophoresis appeared to opti- 
mize retention of the 685 and 695 nm emission 
bands in our experiments. Fluorescence excitation 
spectra for both CP47 and CP43 were found to be 
essentially identical, with a peak in the Soret re- 
gion near 440 nm, further confirming the Chl a 
nature of these complexes (see Ref. 34). 

To verify that the 685 and 695 nm fluorescence 
emission bands were due to separate individual 
polypeptides, the excised CP47 and CP43 pigment 
proteins were subjected to reelectrophoresis under 
denaturing conditions. Each was resolved into a 
single major polypeptide with minimal cross-con- 
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Fig. 3. Excised slices of CP47 and CP43 subjected to electro- 
phoresis under denaturing conditions. Lane 1 contains CP47; 
lane 2, CP43; lane 3, the molecular weight markers (bovine 
serum albumin (68 kDa), ovalbumin (45 kDa), carbonic 
anhydrase (29 kDa) and cytochrome c (12.4 kDa)). 

tamination (see Fig. 3). In total, these results are 
the first report of individual Chl-binding proteins 
giving rise separately to the 685 and 695 nm 
fluorescence emission bands (see also Ref. 33 and 
34). 

Recent studies have suggested that pheophytin 
acts as an intermediate electron carrier between 
P-680 and Q [25-27]. In addition, Breton [28] has 
postulated that the 695 nm low-temperature fluo- 
rescence emission band arises from the deactiva- 
tion of the excited state of the PS II 'primary'  
acceptor, pheophytin. The absorption spectra of 
both CP47 and CP43 gave little indication of the 
enrichment of pheophytin (see Fig. 4 and Ref. 34), 
i.e., not more than 1-2 per 50 chlorophyll a mole- 
cules, which was an upper estimate obtained for 
the PS II core complex preparations [3]. The pres- 
ence of photochemically active pheophytin was 
monitored via absorption changes at 685 nm for 
the crude glucopyranoside extracts of the thylakoid 
membranes, and the CP47 and CP43 components 
excised from the gels. This wavelength was chosen, 
since it represents a peak maximum associated 
with the photoreduction of pheophytin [29,30]. 
The kinetic results of one such experiment with the 
glucopyranoside extract are shown in Fig. 4B and 
they were used to establish the conditions for the 
diode array rapid-scanning spectrophotometer 
analyses; see below. The kinetic analysis indicated 
that a largely irreversible photobleaching (denoted 
A A2) and a small reversible absorbance change 
( d e n o t e d  A A 2 )  occurred upon illumination of any 
of the samples. Maximal extent of the reversible 
absorption change with the glucopyranoside ex- 
tract required the presence of NH2OH. Dithionite 
(2 mg/ml)  and NH2OH (20 mM) were routinely 
added to optimize the reversible component which 
was kinetically slower with the gel materials. 

Evaluation of the nature of the A A~ and J A  2 

components in the purified pigment proteins (CP47 
and CP43) required rapid analysis as a function of 
wavelength. This was accomplished by using the 
diode array rapid-scanning spectrophotometer. The 
diode array rapid-scanning spectrophotometer 
analysis with appropriate gating at the detector 
allowed us to obtain separate difference spectra 
for these absorption changes (see Fig. 4). In the 
case of CP43, A A  2 for this pigment protein was 
resolved to have an absorption maximum near 667 
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Fig. 4. (A) Diode array rapid-scanning spectrometer analysis in 
a phosphoroscopic sample chamber of the CP47 and CP43 
complexes. A kinetic analysis of the complexes obtained in the 
presence of dithionite (2 m g / m l )  and N H 2 O H  (20 mM) shows 
a largely irreversible absorbance change denoted by AA 1 upon 
illumination. A small reversible absorbance change is seen 
upon cessation of il lumination and denoted by AA 2. Spectral 
analyses of the kinetic components  were examined over a 300 
nm range (500-800 nm) with 512 scans. Illumination was 
provided through a 4-96 Coming  filter and a 560 nm cut-on 
filter. The lowest spectrum of each figure is the 'dark '  absorp- 
tion spectrum of CP43 or CP47. (B) Kinetic analysis of 
gluco-pyranoside extract. 

nm. These peak maxima are similar to that ob- 
tained for the absorption spectrum of the CP43 
complex (shown in the lower part of Fig. 4A, left 
half). We interpret these data to indicate that all 
light-induced absorbance changes in the CP43 
sample are due to nonspecific photo-oxidation of 
the bulk pigments present in this pigment-protein. 

The diode array rapid-scanning spectrophoto- 
meter analysis of the CP47 pigment protein re- 
solved the largely irreversible light-induced ab- 
sorption change, AA 1, into a spectral component 
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having a peak maximum at 679 nm (see Fig. 4). 
We interpret this to indicate an irriversible bleach- 
ing of the reaction center antenna pigment ab- 
sorbing maximally at 680 nm. In similar studies 
with a reaction center preparation from photosyn- 
thetic bacteria, Okamura et al. [31] also observed a 
large irreversible bleaching upon illumination of 
the reaction center chlorophylls (see also Ref. 32). 
The difference spectrum of AA 2 for CP47 was 
resolved into a spectral component having a peak 
maximum at 683 nm (see also Fig. 4). We interpret 
the spectral change to be due to pheophytin 
[20,25-27]. Under such conditions, of course, the 
P-680 + absorbance change would not be observed 
at the time resolution of the measurement. Thus, 
the purified CP47 obtained by gel electrophoresis 
can be identified as the PS II polypeptide contain- 
ing the components, P-680 and pheophytin, which 
catalyzes the primary charge separation of PS II. 
The significance of the absorption change near 520 
for both complexes is unknown. 

Characterization of variable fluorescence has 
frequently been used as a tool to analyze PS II 
electron-transport reactions. We attempted similar 
analyses with CP47 and CP43. In neither case 
could a variable component of fluorescence yield 
be detected (not shown). This observation would 
be expected either if the preparations were photo- 
chemically inactive (as we believe to be true for 
CP43) or if the stable primary electron acceptor, a 
plastoquinone called Q, was absent. We believe 
that the latter conclusion could best explain the 
lack of a variable fluorescence yield in CP47. 
Preliminary room-temperature fluorescence data 
suggest a similar conclusion (data not shown). 

Conclusion 

The results presented in this report confirm the 
association of two chlorophyll a-binding proteins 
with Photosystem II. The larger pigment protein 
obtained by non-denaturing gel electrophoresis, 
denoted CP47, displays characteristics of the reac- 
tion center (P-680-pheophytin) and exhibits a 
low-temperature chlorophyll fluorescence emission 
at 695 nm previously attributed to PS II traps 
(Refs. 10-13,28 and 34; however, see Ref. 14). The 
small light-induced reversible absorption changes 
of the CP47 complex are indicative of pheophytin 
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reduction. The CP43 component is thus assigned a 
light-harvesting role in PS II [33,34]. These conclu- 
sions are consistent with recent studies of octyl- 
glucopyranoside-solubilized PS II particles sep- 
arated on sucrose gradients and analyzed for elec- 
tron-transport activity; photochemistry was pref- 
erentially associated with complexes containing the 
CP47 (Refs. 5, 33 and 34 and see also Ref. 35). 
Hermann et al. [36] have shown that the reaction 
center apoproteins are coded for by the plastid 
chromosomes. 
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